Cutlet/CTF18 encodes an evolutionarily conserved protein that is crucial for germline development in Drosophila melanogaster. Loss of function of cutlet in the fly results in a sterile phenotype due to the failure of germline stem cells to proliferate. CTF18 was first identified in Saccharomyces cerevisiae as a sister chromatid cohesion factor that is essential for the faithful transmission of chromosomes during DNA replication. We have cloned and characterized the human and mouse CTF18 orthologs of the D. melanogaster gene, cutlet. We have demonstrated that CTF18 mRNA is expressed in human and mouse testis and ovary, and that CTF18 protein is expressed throughout the male and female germline of the mouse. We suggest a unique biological role for CTF18 in mammalian germ cell development based on its mammalian germline expression, high degree of evolutionary conservation, and role in DNA replication and chromosomal stability in yeast.
Introduction
The germ cell complement and the processes that regulate germ cell development determine reproductive potential. Factors that reduce germ cell number or interfere with gametogenesis can limit or even preclude reproduction, leading to infertility. Studies of sterile mutants in lower organisms have shed new light on the processes that control mammalian germ cell development. We are interested in understanding the molecular mechanisms that govern mammalian gametogenesis, and began our analysis with mutations affecting germline development in the fruitfly, in which such mutations can be easily screened for.
One such large-scale forward genetic screen in Drosophila melanogaster yielded the cutlet gene (Jaffe and Jongens, 2001) . In ovaries of flies lacking cutlet, the germline stem cells fail to proliferate normally, and few if any oocyte chambers are formed, resulting in sterility. Defects of the eye and wing are also seen in cutlet loss-of-function animals, however these defects are relatively mild and the adult organs appear to function normally. Studies by Jaffe and Jongens (2001) have shown that loss of cutlet function causes decreased cellular proliferation possibly due to a role in DNA replication in the affected tissues.
Cutlet is the ortholog of the Saccharomyces cerevisiae gene, CTF18 (formerly CHL12), initially identified as a gene necessary for fidelity of chromosome transmission during mitosis (Kouprina et al., 1994) . Recently, CTF18 was found to be a component of an alternative and novel replication factor C-like complex, CTF18-RLC. Replication factor C (RFC) is required for DNA replication and consists of five evolutionarily conserved subunits that form a multiprotein complex. The primary role of RFC is to load proliferating cell nuclear antigen (PCNA), a protein that functions as a sliding clamp, onto DNA during replication (Waga and Stillman, 1998) . After PCNA is loaded onto DNA, DNA polymerases bind to the resulting DNA -RFC -PCNA complex allowing DNA replication to occur in a rapid and highly processive manner (Mossi and Hubscher, 1998; Waga and Stillman, 1998) . RFC ensures the fidelity of DNA replication and also functions in DNA recombination and DNA repair in bacteria and yeast (McAlear et al., 1996; Mossi and Hubscher, 1998; Schmidt et al., 2001) . In alternative RFC complexes, the largest subunit of RFC, RFC1, is replaced by a different protein component to form an RFC-like complex, called an RLC. Three RLCs have been described in which RFC1 is replaced by either Rad24, Elg1 or CTF18. These complexes play vital but distinct roles in DNA replication and genome stability (Kim and MacNeill, 2003) . In the RFC-like complex, CTF18-RLC, the large subunit of RFC is replaced by CTF18, and two additional components, Dcc1 and Ctf8, are added to form a complex consisting of seven subunits. CTF18-RLC appears to be required for sister chromatid cohesion during DNA replication in yeast (Hanna et al., 2001; Mayer et al., 2001) , and recently CTF18 was cloned in human immortalized cell lines and found to form a CTF18-RLC that is also likely involved in establishment of mammalian sister chromatid cohesion (Bermudez et al., 2003; Merkle et al., 2003) . In yeast, the CTF18-RLC complex is crucial for the association of the newly replicated sister chromatids until anaphase and thus helps to maintain the stability of the genome (Kim and MacNeill, 2003) . Loss-of-function mutations in CTF18 in yeast result in premature separation of sister chromatids, chromosome loss and ultimately aneuploidy (Kouprina et al., 1994; Hanna et al., 2001; Mayer et al., 2001) . In vitro, CTF18-RLC can interact with human PCNA and load it onto DNA (Ohta et al., 2002; Bermudez et al., 2003; Merkle et al., 2003; Shiomi et al., 2004) , but its roles in DNA replication appear to different from those of RFC (Shiomi et al., 2004) . In addition, CTF18-RLC has been shown to play a role in chromosome segregation during meiosis in yeast (Petronczki et al., 2004) . In yeast, CTF18 is functionally redundant with RAD24 in the DNA replication checkpoint pathway, and double mutants become defective in the replication block checkpoint and sensitive to DNA damage (Naiki et al., 2001) . DNA replication checkpoint pathways arrest the cell cycle when DNA replication is blocked or DNA is damaged, and they induce transcription of genes that facilitate DNA replication and/or repair (Elledge, 1996; Zhou and Elledge, 2000) . Finally, DNA replication, recombination and repair are essential for the normal development and competency of germ cells during gametogenesis.
We cloned and characterized the cDNAs encoding human CTF18, called CHTF18, and mouse CTF18, called Chtf18, the orthologs of Drosophila cutlet, in order to study its expression and ultimately its role in mammalian reproduction. Here, we demonstrate RNA expression of CTF18 in human and mouse testis and ovary, and protein expression in the male and female germline of the mouse. We also show the striking conservation of the putative functional domains of the protein among the human, mouse and fly.
Materials and Methods
Cloning of the human and mouse CTF18 cDNAs PCR primers (first round with 5 0 GAATTCGGCACGAGGACGAC and 5 0 AGGCCTGCTGCTTCAGCTGC and second round with 5 0 CGGTGCGA ACTCGTCATTGC and 5 0 ACCTCCCCATTGCAGTGACG) were designed from a partial human CTF18 cDNA sequence given to us by Dr Philip Hieter of the University of British Columbia (unpublished). A 400 bp PCR product was amplified, subcloned into pGEM-T vector (Promega, Madison, WI, USA), and then utilized as a probe to screen a human ovarian cDNA library (Clontech Laboratories, Inc., Palo Alto, CA, USA). The full-length cDNA insert obtained was cloned into pBluescript SK (Stratagene, La Jolla, CA, USA) and the sequence was analyzed for an open reading frame (ORF) (MacVector software, Accelrys, San Diego, CA, USA). This sequence was compared with the ORF of Drosophila cutlet and it was also utilized to search for homologous genes using the BLAST tool (Altschul et al., 1990) . Orthologs were identified by DNA and protein database searches, which revealed homologous amino acid sequences in Caenorhabditis elegans, Arabidopsis thaliana and S. cerevisiae. The human cDNA insert was digested with SmaI and StuI to generate a cDNA fragment encoding an amino acid sequence with high conservation among the human, fly, worm, plant and yeast. This human cDNA fragment was subcloned into pBluescript SK and used to screen a mouse testis cDNA library (Clontech Laboratories, Inc.). The mouse cDNA insert obtained was subcloned into pBluescript SK and sequenced from both directions.
RT-PCR and 5
0 and 3 0 RACE
RT-PCR and nested 5 0 and 3 0 rapid amplification of cDNA ends (RACE) were performed to obtain the full-length sequence of the mouse CTF18 cDNA. Initially, a pool of cDNAs was generated by reverse transcription of 5 mg of total RNA isolated from mixed germ cells from adult mouse testes (provided as a gift from Dr Stuart Moss, University of Pennsylvania) using the First Strand cDNA synthesis Superscript II kit (Invitrogen, Carlsbad, CA, USA). Primers were designed based on homology, by mapping the amino acid sequences of Drosophila cutlet and CHTF18 to an 18 kb portion of the translated mouse genomic database (Celera Genomics, San Francisco, CA, USA). To construct an ORF for Chtf18, PCR products were amplified from the cDNA pool, cloned into pGEM-T vector (Promega) and sequenced from both directions. To obtain the sequences of the 5 0 and 3 0 ends of the mouse CTF18 cDNA, nested 5 0 and 3 0 RACE were performed on mouse testis poly(A)þRNA with the Marathon cDNA amplification kit (Clontech Laboratories, Inc.). Primers were designed within the 5 0 and 3 0 ends of the sequence for the products obtained by RT -PCR. To generate the 5 0 RACE product, PCR was performed with primer 5 0 AGAATGGGAGCTCACATCGTCACTGAGC and the Marathon cDNA adaptor primer (first round) and primer 5 0 CTCATCCACCCAGAG GCAGTGCTG and the Marathon cDNA adaptor primer (second round). The 3 0 RACE product was amplified with primer 5 0 CAGACTCGGATGAG CCAGACAAGG and the Marathon cDNA adaptor primer (first round) followed by primer 5 0 AGCTGTACAGTGCCCATGAGAAGC and the Marathon cDNA adapter primer (second round). The RACE products were each cloned into pGEM-T vector (Promega), and sequenced from both directions to deduce the full-length cDNA.
Northern blot analysis
A human CTF18 cDNA fragment containing 1.6 kb of the coding region was radioactively labeled using Rad Prime labeling system (Invitrogen) and utilized to probe a poly A RNA multiple human tissue blot (Clontech Laboratories, Inc.) . A 1.6 kb mouse CTF18 cDNA fragment was radiolabeled and used to probe a poly A RNA multiple mouse tissue blot (Ambion, Inc., Austin, TX, USA). Each blot was stripped and probed with a human beta actin cDNA (Clontech Laboratories, Inc.) or a beta actin mouse DECAprobe template (Ambion, Inc.) to control for RNA loading.
Generation of a mouse CTF18 antibody
A cDNA fragment encoding the C-terminal portion of mouse CTF18 (amino acid residues 790-968) was amplified from a CTF18 cDNA clone with the following primers: 5 0 GATCGGATCCATGCTTGCCTACAGTCTCACC and 5 0 GATCCTCGAGCAGGTCCCTGATGTACAG. The cDNA fragment was subcloned into the BamHI/XhoI sites of the pET-28a vector (Novagen of EMD Biosciences, Inc., San Diego, CA, USA) to generate a histidine-tagged fusion construct. The resulting fusion construct was transformed into BL21(DE3)RP cells (Stratagene) after confirming the correct sequence, and protein synthesis was induced with 1 mM (final concentration) isopropyl-b-D-thiogalactopyranoside (IPTG) at 308C for 5 h. The cell pellets were purified on a nickel-nitrilotriacetic acid (Ni-NTA) matrix (Qiagen, Inc., Valencia, CA, USA) under denaturing conditions according to the manufacturer's instructions. After analyzing the eluates by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE), fractions with the highest concentration of protein were combined and purified on a Sephacryl S-100 column (Amersham Biosciences, Piscataway, NJ, USA) followed by reversedphase HPLC. The protein appeared to be .95% pure on Coomassie-stained SDS-PAGE gels. Six separate injections totaling 850 mg of purified protein were administered to each of two rabbits to generate the rabbit polyclonal antibody (Covance, Inc., Denver, PA, USA). A portion of each of the pre-immune and immune sera was IgG-purified using the Nab Protein A Spin Purification Kit (Pierce, Rockford, IL, USA).
Western blot analysis
For protein analyses of mouse testes and ovaries, 25 mg of extracted protein from total testis or 50 mg of extracted protein from total ovaries were electrophoretically separated by 4 -12% SDS-PAGE, and transferred to polyvinylidene difluoride membranes (Millipore Co., Bedford, MA, USA). Membranes were blocked (Tris-buffered saline solution containing 5% nonfat dry milk and 0.1% Tween 20 [TBST] ) and then incubated with IgG-purified mouse CTF18 antibody alone (0.31 mg/ml) or antibody pre-absorbed with 5Â molar excess CTF18 recombinant protein, or with IgG-purified pre-immune serum (0.31 ug/ml) at 48C overnight. The blots were washed in TBST and incubated with a goat anti-rabbit immunoglobulin conjugated to horse-radish peroxidase (0.2 mg/ml, Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA) for 1 h at room temperature. After washing, the CTF18 protein was detected with Super Signal chemiluminescent substrate (Pierce).
RT-PCR of mouse ovary and testis
RT-PCR was performed to determine the transcript size of Chtf18 mRNA in mouse ovary. Initially a pool of cDNAs was generated by reverse transcription of 5 mg of total RNA isolated from adult mouse ovaries or testes using the First Strand cDNA synthesis Superscript III kit (Invitrogen). PCR primer pairs spanning the DNA sequence of the Chtf18 gene were designed, and PCR was amplified from mouse ovary or testis cDNA samples (repeated in triplicate on samples from several different mice). To verify the sequence, a PCR product spanning exon 4 to exon 22 was amplified from the cDNA pool, subcloned into pCR 2.1-TOPO cloning vector (Invitrogen) and sequenced from both directions.
RNA interference
Human endometrial carcinoma (HEC) cells (provided as a gift from Dr Carmen Williams, University of Pennsylvania) were cultured in McCoy's 5A modified medium (Invitrogen). CHTF18 SMARTpool siRNAs (Dharmacon, Lafayette, CO, USA) were delivered into 70% confluent cells with DharmaFECT transfection reagent according to the manufacturer's protocol. Non-targeting siRNA pool (Dharmacon) at the same concentration as well as untreated HEC cells were used as controls. After 72 h transfection, cell lysates were collected with M-PER Mammalian Protein Extraction Reagent (Pierce) for western blot analysis. Western blot analysis was performed as described above on 25 mg of extracted protein per sample with 0.52 mg/ml IgG-purified mouse CTF18 antibody.
Immunohistochemistry
Testes from adult male and ovaries from adult female CD1 mice were fixed in 4% paraformaldehyde and embedded in paraffin blocks. Sectioned slides were blocked in PBS containing goat serum (20 min at 378C) and incubated in IgG-purified immune serum (1.6 mg/ml) at 48C overnight. CTF18 protein staining was detected with the Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA, USA). Sections were counterstained with hematoxylin following detection. IgG-purified pre-immune serum (1.7 mg/ml) was used in control sections.
Fetal germ cell preparations and immunofluorescence
Ovaries and testes from mouse fetuses at 13.5, 14.5 and 15.5 days post-coitum (dpc) were dissected. Germ cells were dissociated in a saline/EDTA buffer as described (Nagy, 2003) and then fixed in a solution of 2% paraformaldehyde, 0.15% Triton X-100 onto slides. For immunofluorescence, slides containing germ cells were incubated in a blocking solution of 10% donkey serum, 3% BSA, 0.1% Triton X-100 in 1X PBS for 1 h at room temperature. Then slides were incubated in mouse CTF18 IgG-purified immune serum (6.2 mg/ ml) or anti-mouse vasa homolog (MVH) protein (1 mg/ml) (Abcam Inc., Cambridge, MA, USA) and purified anti-mouse CD 31/platelet endothelial cell adhesion molecule (PECAM-1) (1 mg/ml) diluted in blocking solution overnight at 48C (anti-PECAM-1 from BD Pharmingen, San Diego, CA, USA). Slides were washed in 1% donkey serum, 3% BSA, 0.1% Triton X-100 diluted in 1Â PBS three times, and then incubated in donkey anti-rabbit IgG cyanine-3 and donkey anti-rat IgG cyanine-2 (Jackson ImmunoResearch Laboratories, Inc.) at 1:1200 for 2 h at room temperature. Slides were washed as described above, and then mounted with coverslips. Imaging was performed with a Nikon Eclipse E600 wide-field microscope equipped with fluorescence. IPLab Scientific Imaging software for Macintosh (BioVision Technologies, Exton, PA, USA) was used to process images and to optically section slides of germ cell preparations.
Results

Cloning and characterization of the human and mouse CTF18 cDNAs
Overlapping cDNA fragments that encode the human and mouse orthologs of the D. melanogaster gene, cutlet were isolated, cloned and the DNA sequences conceptually translated. The sequences match those present in NCBI GenBank with accession numbers NM_022092 for CHTF18 and NM_145409 for Chtf18. The cDNAs of human CHTF18 and mouse Chtf18 are each 3 kb in length, similar to the 3.1 kb cDNA present in Drosophila cutlet. The longest ORFs of the human and mouse cDNAs span 975 and 969 amino acids, respectively, similar to the 993 ORF of the fly. The mouse CTF18 amino acid sequence is 84% similar with 75% identity to the human CTF18 amino acid sequence. In addition, the mammalian proteins are 51% similar to 31% identity for human and 53% similar with 31% identity for mouse to that of the fly (Fig. 1A) . This degree of amino acid similarity of CTF18 among the human, mouse and fly suggests conserved functions for the three proteins. The gene structures of human and mouse CTF18 were deduced by aligning the ORFs to the translated human and mouse CTF18 mRNA sequences to the genomic sequences obtained from the GenBank (NIH, Bethesda, MD, USA) and Celera databases. The human and mouse CTF18 genes consist of 22 exons each, spanning 9 and 8 kb of genomic DNA, respectively (Fig. 1B) .
CTF18 is homologous to RFC as determined by protein family and domain database searches (ExPASy of the Swiss Institute of Bioinformatics, Switzerland and Pfam of the Wellcome Trust Sanger Institute, Cambridge, UK) with the deduced amino acid sequences of each of the mouse and human proteins. The homology between CTF18 and RFC exists in evolutionarily conserved sequence motifs called RFC boxes (Cullmann et al., 1995) . Mammalian CTF18 contains five of the eight RFC boxes including II, III, IV, V and VII. In addition, a phosphate-binding loop (P loop) and an AAAþ ATPase domain are present (Fig. 1A) .
The CHTF18 and Chtf18 genes are expressed in human and mouse testis and ovary
To determine the expression pattern of CTF18 in human and mouse tissues northern blot analysis was performed. Two transcripts of 4 and 3 kb with expression in testis, ovary and thymus were detected in the human. This pattern of expression is consistent with multiple human tissue gene expression profiling by microarray analysis, electronic Northerns and SAGE revealed by database searches (http:// www.genecards.org/cgi-bin/carddisp.pl?gene=CHTF18). These data also reveal that CTF18 mRNA is expressed in bone marrow, thymus, brain, heart, spinal cord, skeletal muscle, liver, lung, kidney, pancreas and prostate. RNA blot analysis in the mouse detected one transcript of 3 kb with expression in testis, ovary, thymus, spleen and the 14 day embryo (Fig. 2) . This transcript size is consistent with that revealed by overlapping cDNA sequences from RT-PCR amplification of mouse testis RNA, followed by 5 0 and 3 0 RACE. CTF18 mRNA appears to be highly abundant in mouse testis; however, CTF18 mRNA was also detected in somatic tissues (Fig. 2) . The expression in somatic tissues confirms what has been found by microarray analysis. These microarray data reveal only slightly elevated transcript levels in testis and none in ovary (http://genome.ucsc.edu/cgi-bin/hgGene?hgsid=93629103&db=mm8 &hgg_gene=NM_145409&hgg_chrom=chr17&hgg_start=25446630 &hgg_end=25455002#links). Thus, the high expression in testis and expression in ovary documented here has not been previously recognized.
CTF18 protein is expressed in mouse testis and ovary
Western blot analysis was performed on protein extracts from mouse testis and ovary with a rabbit polyclonal antibody that was generated to the carboxy terminus of the mouse CTF18 protein (see Materials and Methods). A 108 kD protein in mouse testis and an 58 kD protein in mouse ovary were detected by IgG-purified mouse CTF18 antibody (Fig. 3A) . The 58 kD band is also detected on western blots of protein extracts from mouse somatic tissues (data not shown). The 108 kD protein present in testis is consistent with the size predicted to be encoded by the longest ORF contained in the 3 kb transcript. RT-PCR was performed to determine how the 58 kD protein in ovary arises. PCR products amplified from mouse ovary or testis cDNA samples (repeated in triplicate on samples from several different mice) were the same in size and consistent with only one transcript in ovary and testis (Fig. 1C) . In addition, expression of the same transcript in mouse ovary and testis was confirmed by sequencing of PCR products spanning exon 4 to exon 22 for each tissue (data not shown). The specificity of the antibody was demonstrated by presence of a single band of expected size on western blot using the purified recombinant CTF18 protein (data not shown), as well as by neutralization of the antiserum with the purified recombinant antigen, which blocks detection of the 108 kD band observed in testis and the 58 kD band seen in ovary (Fig. 3B) . The additional 70 kD band detected in testis (Fig. 3A) is non-specific since it is present in pre-immune serum (Fig. 3C) and it is not blocked by neutralization of the antiserum with the purified recombinant CTF18 protein (Fig. 3B) . We also demonstrated specificity of the mouse CTF18 antibody for human CTF18 protein with RNAi. RNAi-mediated suppression of CTF18 in a HEC cell line resulted in reduction of the immunoreactive bands compared with HEC cells treated with non-targeting siRNA pool and untreated HEC cells (Fig. 3D) .
CTF18 protein expression and localization in mouse gonads was further analyzed by immunohistochemistry (Fig. 4) . In adult mouse testis, CTF18 protein is expressed in all stages of developing germ cells ( Fig. 4B and C) . Expression of CTF18 is very prominent in the nuclei of spermatocytes, and less prominent in the cytoplasm of spermatogonia (Fig. 4C) . CTF18 protein is also expressed in Sertoli cells and Leydig cells (Fig. 4C) . In adult mouse ovary, CTF18 protein is localized to the oocyte cytoplasm of all stages of developing follicles ( Fig. 4F and G) . It is also expressed in a heterogeneous pattern in theca cells of corpora lutea, granulosa and theca cells of pre-antral follicles, and in ovarian stromal cells (Fig. 4F and G) . Sections of mouse testis and ovary were incubated with IgG-purified pre-immune serum as a control and no signal was detected ( Fig. 4A and E) ; likewise, no signal was obtained in testis (Fig. 4D) or ovary (Fig. 4H ) of Chtf18-null mice (to be discussed elsewhere), confirming the specificity of the antibody. We also examined expression of CTF18 protein in fetal germ cells. We examined expression of CTF18 The position of the internal methionine in exon 10 that likely produces the 58 kD version of the CTF18 protein is indicated by a star. (C)RT-PCR of mouse ovary and testis. Primer pairs spanning the Chtf18 gene were used to amplify DNA from exon 1 to exon 4 (ex1-ex4), exon 5 to exon 8 (ex5-ex8), exon 9 to exon 12 (ex9-ex12) and exon 4 to exon 22 (ex4-ex22) in mouse ovary (Ov) and testis (T) protein in female fetal germ cells since the orthologous Cutlet protein is crucial during the mitotic stages of amplification in the ovary of the fruitfly (Jaffe and Jongens, 2001) . Since CTF18 protein is also expressed in somatic cells, we used an antibody to PECAM-1, an accepted marker of germ cells (Schmahl et al., 2000; Ross et al., 2007) , to label these cells in our preparations. In addition, we co-localized PECAM-1 and MVH protein to demonstrate the reliability of anti-PECAM-1 as a germ cell marker in our hands (Supplementary Fig. 1 ). In the fetal ovary, CTF18 protein is expressed in the nuclei of developing germ cells from the onset of meiosis at 13.5 dpc through 15.5 dpc (Fig. 5A-I ). Male fetal germ cells also express CTF18 protein in the nuclei from 13.5 through 15.5 dpc (Fig. 6A-I ). Nuclear localization of CTF18 protein in fetal germ cells was confirmed by optical sectioning (Supplementary Fig. 2 ).
Discussion
We cloned and characterized the cDNAs encoding both CHTF18 and Chtf18, the orthologs of Drosophila cutlet and Saccharomyces CTF18 in order to study the pattern of expression of this gene in mammalian germ cell development. Although several reports have demonstrated a role for CTF18 in DNA replication and chromosomal cohesion of yeast (Kouprina et al., 1994; Hanna et al., 2001; Mayer et al., 2001; Petronczki et al., 2004) , and others have suggested a role for CTF18 in human DNA replication (Ohta et al., 2002; Bermudez et al., 2003; Merkle et al., 2003; Shiomi et al., 2004) , this is the first report to demonstrate the expression pattern of CTF18 in the germline of the human and mouse. The gene is widely expressed throughout the mammalian germline, which requires fidelity of DNA replication during both mitosis and meiosis. The expression pattern of the mammalian CTF18 gene is thus consistent with its proposed role in germline development. The CTF18 protein is evolutionarily conserved with features similar to proteins essential for different aspects of DNA metabolism including replication, recombination and repair.
CTF18 shows significant homology to RFC in conserved motifs within RFC, known as RFC boxes. These RFC boxes demonstrate a high degree of amino acid similarity among the five subunits of RFC across species. The boxes appear to be biochemically distinct, and although their exact functions are not known, these domains appear to be required for DNA replication in yeast and in human cells. RFC box II is critical for the function of human RFC (Uhlmann et al., 1997a,b) . RFC box III, the most conserved domain of the RFC subunits, contains a P loop which is a portion of a nucleotide binding pocket belonging to a diverse group of GTP and ATP hydrolyzing proteins, some of which are involved in DNA recombination or repair (Cullmann et al., 1995) . This ATP-binding consensus has been shown to play a critical role in chromosomal DNA metabolism in yeast (Schmidt et al., 2001) . In addition, an AAA þ ATPase domain is present, which is also found in a family of proteins that perform chaperone-like functions that assist in protein complex formation, operation or disassembly (Fig. 1) . Specifically, in Escherichia coli, these include the Ruv proteins that are involved in DNA recombination and repair (Iwasaki et al., 2000) . Thus, these data and the high degree of amino acid conservation in these boxes among the mouse, human and fly strongly suggest that the five RFC boxes present in the encoded mammalian CTF18 protein represent functional domains.
Our studies show that CTF18 protein is expressed in all stages of germ cell development in the mouse. CTF18 is expressed in the nuclei of female fetal germ cells during meiosis, while interestingly a majority of CTF18 protein is localized to the cytoplasm of oocytes in the adult mouse ovary. CTF18 expression in the cytoplasm of oocytes is consistent with protein storage, an essential feature of oogenesis to provide for the needs of the early developing embryo. It is also of interest that CTF18 protein appears to be very prominent in the nuclei of spermatocytes, and less prominent in the cytoplasm of Figure 4 : Localization of CTF18 protein in mouse testis and ovary Immunohistochemistry with diaminobenzidene localized CTF18 in sections of mouse testis incubated with (A) pre-immune and (B and C) immune sera. (C) CTF18 protein is seen as a brown precipitate in spermatogonia (Sg), spermatocytes (Sc), Sertoli cells (Se) and Leydig cells (L) of testis. Sections of ovary were incubated with (E) preimmune and (F and G) immune sera. (F) CTF18 protein is shown localized to the oocyte cytoplasm of primary (P) and secondary (S) follicles and in corpora lutea (CL) and stromal cells (ST) (seen as a brown precipitate). (G) CTF18 protein is shown localized to the oocyte cytoplasm, and granulosa (G) and theca (Th) cells of a pre-antral follicle. No immunoreactivity was detected in testis (D) or ovary (H) of Chtf18-null mice. Hematoxylin was used as a counterstain (blue color). Magnification: A, B, E and F Â200; C, D, G and H Â400 spermatogonia, whereas it is expressed in the nuclei of male fetal germ cells at 13.5, 14.5 and 15.5 dpc, during a time of cellular proliferation (de Rooij, 1998; Monk and McLaren, 1981) . Nuclear expression of CTF18 is consistent with its known roles in DNA replication and establishment of sister chromatid cohesion in lower eukaryotes (Kouprina et al., 1994; Hanna et al., 2001; Mayer et al., 2001; Petronczki et al., 2004) . Expression of CTF18 in the cytoplasm of spermatogonia is a novel finding and may suggest a different function during this stage of germ cell development. It is also possible that CTF18 protein may be utilized by male fetal germ cells early in development, and then stored in the cytoplasm until later use during meiosis. Thus, differences in CTF18 expression may reflect changes in the stages of development in both male and female germ cells. Since CTF18 associates with chromatin during the S phase of DNA replication in HeLa cells (Merkle et al., 2003) , the apparent localization of CTF18 protein to specific regions in the nuclei of fetal germ cells may correspond to an association with chromatin. In addition, significant changes occur in the structure and composition of chromatin in the nuclei of spermatogenic cells during the transition from spermatogonia to spermatocytes to subsequent post-meiotic haploid spermatids (Fauser, 1999) . Therefore, CTF18 protein may be involved in chromatin rearrangement in haploid spermatogenic cells. Our data support a role for CTF18 in mammalian gametogenesis, and the protein expression observed in oocytes, as well as in spermatocytes, suggests a role in meiosis. In addition, CTF18 RNA is expressed in human and mouse testis, ovary, thymus and in mouse spleen. DNA recombination occurs in all of these tissues, and thus this expression pattern is consistent with a role for CTF18 in chromosomal biology. The lack of mRNA expression in human spleen may be due to inherent differences in this tissue between young adult mice and adult humans. The 4 kb transcript present in human tissues may arise from differences in the untranslated regions of the gene or by alternative splicing as suggested by human EST databases (Thierry-Mieg and Thierry-Mieg, 2006) . The 108 kD protein present in testis is consistent with the size predicted to be encoded by the 3 kb transcript. The 58 kD protein detected in ovary most likely arises by alternative initiation codon usage by the ribosome (i.e. a different initiation codon is used in ovary than in testis) or by post-translational modification (e.g. proteolytic cleavage), since the same transcript is expressed in both mouse ovary and in mouse testis. In addition, the 58 kD protein isoform is detected by our antibody because it was raised against a C-terminal recombinant protein of CTF18. Hence, the termini of the 108 and 58 kD proteins are likely identical. Existence of a 58 kD band is also detected on western blots of protein extracts from mouse somatic tissues (data not shown). The 58 kD isoform most likely corresponds to an internal Methionine at 414, which is encoded in exon 10 of Chtf18, resulting in an ORF of 556 amino acids ( Fig. 1A and B) . RFC boxes V and VII, two of the five functional domains that appear in the CTF18 protein, are also likely present within this shorter ORF. In addition, while localization of CTF18 protein differs in adult male and female mice (discussed above), the protein localizes to the nuclei of both male and female embryonic germ cells. Although there may be common characteristics in the roles of the 108 and 58 kD proteins, further experiments are required to determine the exact functions of the isoforms.
Although our work does not provide evidence for a germ cellspecific function in mammals, CTF18 protein is expressed ubiquitously in the nuclei of cells in Drosophila, yet adult tissues in Cutlet/CTF18 mutant flies are affected differently, and sterility is the most severe phenotype (Jaffe and Jongens, 2001 ). The intriguing fly mutant phenotype in conjunction with the high degree of evolutionary conservation of the protein and the mammalian germline expression we show here strongly suggest a role for CTF18 in mammalian germ cell development. Thus, the work presented here provides the basis for studying the function of CTF18 in mammalian germ cell development. Figure 6 : Localization of CTF18 protein in male fetal germ cells Immunofluorescence localized CTF18 protein (red color) to the nuclei of male germ cells at 13.5 dpc (A-C) and 14.5 dpc (D-F) and 15.5 dpc (G-I). PECAM-1 antibody (green color) was used as a germ cell marker. Somatic cells express CTF18 but not PECAM-1 (arrows in panels F and I). Magnification: Â600 Figure 5 : Localization of CTF18 protein in female fetal germ cells Immunofluorescence localized CTF18 protein (red color) to the nuclei of female germ cells at 13.5 dpc (A-C), 14.5 dpc (D -F) and 15.5 dpc (G-I). PECAM-1 antibody (green color) was used as a germ cell marker. Somatic cells express CTF18 but not PECAM-1 (arrows in panel I). Magnification: Â600
